From 1993 to 1994, in our centre, laser-assisted hatching was performed on 2-to 4-cell stage embryos obtained from in-vitro fertilization (TVF) patients. We treated 376 embryos from 96 patients with repeated IVF failures (two to four attempts) (group A) and 397 embryos from 111 patients undergoing IVF for the first time (group B). Embryos were transferred immediately after the laser treatment Both groups were compared to control groups (A' and B') whose embryos were transferred with intact zona peOucida (ZP). The resulting clinical pregnancies were 41 in A and 44 in B versus 24 in A' and 23 in B' respectively. The pregnancy rates per patient were 42.7 and 39.6% versus 23.1 and 19% hi the control groups (P « 0.05), while the implantation rates per embryo were 12.2% in A and 11.8% in B versus 73 and 7.1%. These results show that laser zona thinning of human embryos at 48 h after egg retrieval significantly increases the implantation and pregnancy rate (P ^ 0.05).
Introduction
Nowadays, more and more frequently, couples need assisted reproduction techniques (ART) to resolve long-term sterility. In-vitro fertilization (IVF) remains the principal method. Even though this results globally in a high number of pregnancies, the IVF success rate, expressed as the proportion of embryos leading to live offspring, is still low.
In 1989 Cohen et al. reported that embryonic implantation following IVF rarely exceeded 12% in stimulated cycles, while 16% has been reported in natural cycles, both values being lower than the 25% conception rate in natural cycles of normal fertile couples. Consequently, many attempts have been made to improve embryonic implantation after IVFembryo transfer, including optimization of follicular development (Liu, 1993) , improvement of the culture systems to achieve optimal conditions (Bongso et al., 1990 (Bongso et al., , 1991 , and micromanipulation of the zona pellucida (Cohen et al., 1992) . It has been reported that -25-30% of IVF embryos hatch in culture (Fehilly et al, 1985; Lindenberg et al., 1989; Dokras et al, 1991) . If the rate of hatching is similar 590 in vivo, it may significantly contribute to the low implantation rates after IVF-ET.
The need for artificial opening of the zona pellucida (ZP) has been proposed as a means to promote subsequent hatching (assisted hatching). In addition, it was noted that any mechanical or chemical rupture of the ZP caused a change both in timing and rate of blastocyst hatching , when compared to embryos with an intact ZP. Consequently, it was proposed that zona opening could be applied to all embryos prior to transfer in human IVF, to promote eventual blastocyst hatching (Cohen et al, 1990a; Tucker et al, 1991) . This procedure, however, may have some adverse effects: die natural expansion of blastocyst with thinning of the ZP does not occur ) and the possibility arises of loss of blastomeres or the whole embryo during contractions of the female reproductive tract (Nichols and Gardner, 1989) . Furthermore it also deprives the embryo of its protective coat, which shields it from any detrimental factors in the female reproductive tract (Cohen et al, 1990b) . To avoid these drawbacks, Khalifa et al. (1992) attempted cruciate thinning of the mouse ZP, obtaining a significant enhancement of blastocyst hatching. Subsequently Gordon and Dapunt (1993) compared hatching in defective mouse embryos subjected to zona thinning widi untreated embryos and found in the former a large increase in implantation rates. These experiences led us to initiate our clinical study of assisted hatching in human embryos, performed wiui the use of laser zona thinning.
Two methods of zona manipulation are already in use to enhance the ability of embryos to hatch: mechanical partial zona dissection and chemical zona drilling by acidic Tyrode's solution. Both have been used to create a slit in the ZP of human embryos (Cohen et al, 1990a) . Recently, lasers have been commonly used in medicine, being especially appropriate because of their precise and atraumatic mode of action. The specifications for the use of a laser system in gamete micromanipulation have been previously described (Welch et al, 1991) . In 1991 in collaboration with Feichtinger, we fine-tuned an En YAG laser to be used for the photoablation of the ZP, and in 1992 Strohmer and Feichtinger obtained a successful pregnancy after assisted hatching of human embryos by zona opening with a 2.94 urn Er:YAG laser. In 1994 Obruca et al reported the use of the same laser for assisted hatching in patients wiui repeated IVF failures, obtaining an improvement in implantation and pregnancy rates.
In this paper we report our studies for assisted hatching in human through zona-thinning with the use of an Er:YAG laser, showing that laser zona thinning improves the implantation and pregnancy rates.
Statistical analysis
The x 2 test was used to analyse data.
Materials and methods

Patient selection criteria
Assisted hatching by laser zona-thinning was performed on 773 embryos from 207 IVF patients. Of these embryos, 376 were transferred in 96 patients (group A) with repeated failures of standard FVF (two to four attempts) and 397 were transferred in 111 patients (group B) undergoing IVF for the first time. Both groups were compared to control groups (A' and B') in which assisted hatching was not performed. The mean ages and the number of IVF attempts were similar in the treated and in the control groups: 34.6 ± 5.2 in group A versus 34.8 ± 5.1 in group A' and 34.4 ±5.1 in group B versus 34.6 ± 5.2 in B'. In this study patients were randomly selected.
Laser technology
The laser system we used in our centre consisted of an EnYAG laser (LISA Laser Products, Katlenburg, Germany) and a quartz fibre of 30 cm length for beam delivery. This specially developed quartz fibre has a tip diameter of 20 (im at the distal end. The handling of the fibre is similar to the handling of the needle used in conventional mechanical partial zona dissection. Contrary to mechanical partial zonal dissection (PZD), no forces are applied by the fibre during laser operation, thus preventing any mechanical stress to the embryo. The application of low energy resulted in photoablation -a nonthermic effect of laser on biological tissue. The wavelength of 2.94 um was selected to avoid damaging the genetic structure of the embryo (Strohmer and Feichtinger 1992 ), yet offering a high absorption in water. At 2.94 (im wavelength, penetration depth in biological tissue is about 3 um, creating an ablation of the zona pellucida on layers by laser pulses of -10 (xJ energy.
Micromanipulation
We used two hydraulic fine control micromanipulators (Narishige, Tokyo, Japan) mounted on an Olympus IMT2 inverted microscope (Olympus Optical Company, Italy) in conjunction with a Hoffmann modulation Contrast System. Micro-instruments were fitted to the micromanipulator via the tool holder. De Fonbrune suction was used to activate the hydraulic systems for the holding pipette (Antinori et al, 1990) . During the procedure, the embryo was held by a negative pressure using a holding pipette of 130 |im outside and 20 Jim inside diameter. The laser fibre was fitted to the micromanipulator by a pipette holder and was brought into direct contact with the zona. The preferred site of application of the laser beam was at the conjunction point of the cleaving cells (Figure 1 ). Five to eight pulses were necessary to ablate 50% of the thickness of the zona in a length of approximately 20 urn. During the procedure which took 20-45 s, the embryos were kept in 50 uJ of Dulbecco's phosphate-buffered saline solution (PBSS) under mineral oil in glass well slides. The procedure was performed only if the zona was thicker than 12 |im, as it could be detrimental in embryos having thin zonae (<12 |im) (Cohen, 1993) . The zona thickness was measured using a scale present in the ocular of the microscope. Any contact between the laser beam and the blastomeres was always prevented. The possible toxicity of the products derived from the laser action on the organic components of the zona pellucida was limited by the subsequent transfer of the embryos to Dulbecco's PBSS followed by two changes of solution.
Embryo transfer took place immediately after the procedure.
Results
We compared laser-assisted hatching performed on 376 embryos from 96 patients with repeated IVF failures (two to four attempts) (Group A) with a control group of 104 patients whose embryos were not laser treated (Group A'). The mean age of both groups was similar (34.6 versus 34.8 years). A total of 381 embryos were transferred in the control group. The clinical pregnancies achieved were 41 (42.7%) in group A and 24 (23.1%) in group A' (P =£ 0.053). Comparing these groups, we can assert that the laser treatment increased the implantation rate per embryo (12.2% in group A versus 7.3% in the control group) (P =£ 0.05), as well as the pregnancy rate.
These good results prompted us to try to use laser-assisted hatching in patients undergoing IVF treatment for the first time. In this way we treated 397 embryos from 111 patients and compared this group (Group B) with a control group of 121 patients in which 411 embryos were transferred with intact ZP (Group B')-The mean ages of both groups were similar (34.4 versus 34.6 years).
The clinical pregnancies achieved were 44 (39.6%) in the laser-treated group (group B) versus 23 09%) in the control group (Group B') (P s£ 0.05). The implantation rate per embryo was 11.8 versus 7.1% (P =£ 0.05). Comparing these results we can see that also in this case the laser treatment significantly increased the implantation and pregnancy rates. Tables I and II show these results.
Discussion
Failure of zona pellucida rupture and subsequent incomplete hatching are thought to cause implantation failure. To improve the hatching of blastocysts, an artificial opening of the zona pellucida has been proposed. Currently, two methods are available: mechanical partial zona dissection and chemical zona drilling by acidic Tyrode's solution. Both have been applied to create a gap in the zona pellucida to facilitate embryonic hatching . While it seems that embryos with holes in the zona pellucida have an increased potential for earlier and more probable hatching, complete perforation of the zona may have some adverse effects on subsequent embryonic development (Gordon et al, 1988; Cohen et al, 1990a) . Natural expansion of the blastocysts with thinning of the zona pellucida does not take place , as the drilled holes release any pressure exerted on the zona by the expanding embryo and the zona remains relatively thick. This feature explains the higher failure of pregnancy following zona drilling (Garrisi et al, 1990) . Furthermore, the holes in the zona pellucida may cause loss of blastomeres or loss of the whole embryo during the contractions of the reproductive tract (Nichols and Gardner, 1989) .
To avoid these drawbacks, some authors compared in a mouse model the embryonic development after zona drilling and after cruciate thinning of the zona pellucida, evidencing S-Antinori el aL Figure 1 . The tip of the laser fibre was brought into direct contact with the zona pellucida at the conjunction point of the cleaving cells. Group A: patients with repeated IVF failure; laser-assisted hatching embryos. Control group A': patients with repeated IVF failure; embryos with intact ZP.
Group B: patients with repeated IVF failure; laser-assisted hatching embryos. Control group B': patients with repeated IVF failure; embryos with intact ZP.
that both techniques significantly increased the rate of hatching. However, while zona drilling did not guarantee complete hatching, cruciate thinning of the zona promoted early and complete hatching (Khalifa et al., 1992) . Gordon and Dapunt (1993a,b) compared in the mouse the implantation rates and developmental potential of defective embryos which had been subjected to circumferential thinning of the zona pellucida with untreated embryos and found the former to have a large increase in implantation rates. However, Cohen in 1993 affirmed that superficial zona thinning did not enhance implantation, suggesting that the inside of the zona may inhibit hatching. Moreover, Tucker et al. (1993) reported the failure of chemical zona thinning to enhance human embryo implantation as compared to assisted hatching by complete zona drilling. In his view, this result strongly suggests that the bilayered 592 human zona pellucida needs to be fully breached, unlike that of the mouse which has a monolayer type zona pellucida. In our study the thinning of the zona was observed with an Erbium YAG laser. The zona was thinned at the cleavage point of the blastomeres for a 20 |im length to produce a 50% reduction of its thickness, making it very likely that the inner layer of the zona pellucida was involved in the thinning process. Using a laser beam it is possible to control precisely the amount of reduction in ZP thickness, which is difficult with acid Tyrode's solution. For dissolution, the resilient inner layer of the zona pellucida needs to be in contact with the acid Tyrode's solution for a long period, which could be detrimental to the embryo. The involvement of the inner layer of the ZP in the thinning process caused by the use of a laser beam may, however, facilitate the hatching process. This could explain the significant increase in the implantation rates obtained in the treated groups in our study. The outcome of assisted hatching depends on the zona pellucida thickness: embryos with zonae thicker than 17 |im rarely implant while the procedure could be detrimental in embryos with thin zonae (<12 \im) (Cohen, 1993) . In our study the laser-assisted hatching by zona thinning was applied only on embryos that had zona thickness >12 nm. The thickness of the zona was measured for each embryo. Even if the percentage of embryos having thick zonae (>12 |im) was not determined, we can state that in our experience the majority of the embryos at 48 h after oocyte retrieval had zona thickness >12 ^m.
Essentially two types of microbeam deliveries are currently under evaluation . One of them is the 'noncontact' mode in which the laser beam is guided through an optical lens and focused on the biological specimen. The advantages of this system are: (i) there is no need for disposable fibres; (ii) complete sterility, high precision and selectivity can be achieved in micromanipulation procedures. This is the mode of action of the UV (337 nm) pulsed laser beam, which has been used in experimental laser zonal drilling of animal oocytes (Shutze et al., 1994) . However, certain wavelengths in the UV range bear potential hazards for the genetic structure, and therefore some authors believe that those systems are not yet ready to be applied to human oocytes . The other method of delivering the microbeam is represented by the 'contact' mode, in which the laser beam is guided through an optic fibre. The ErYAG laser uses such a method, and has already proved its qualities in clinical applications (Feichtinger et aL, 1992) .
The considerations that induced us to choose an EnYAG laser to attempt the assisted hatching of human embryos have been discussed in a previous report where we described our successful experience with this laser system performing laser partial zona dissection (LPZD) in the treatment of male factor infertility, obtaining 17 live births (Antinori et aL, 1994) .
In conclusion, our results confirm that zona thinning using an Er: YAG laser on embryos at 48 h after oocyte retrieval significantly increases the implantation and pregnancy rates. Moreover, this technique can be considered "safe' not only because any contact of the laser beam with the blastomeres is completely absent but also because the adverse effects of zona opening such as embryo trapping or loss of blastomeres are avoided.
One major question that needs an answer is 'when must laser-assisted hatching be performed? Only in cases of repeated IVF failures or also in cases of a first IVF attempt ?'. Our results would suggest that it is globally relevant, as it increased significantly the implantation and pregnancy rates.
